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AAS 96-140
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all::lyti(al tllrory f o r
llIr illti(icial  satel l i te

IIltroduction

‘J’}IC Martia]l sat,clliks, l’1,, ,1,,,! ;, 1 ! ) i],~(,., },, rc dis<)vtr,,l ir) 1877 by Asi,I)l] IIal]. ‘J’lIcy

111 OVc i n  CI05C, ~lurrly  Circllli:r orl,.1~, v,!,i 1  ,lrc sliu,lltly  illcliri[(l  to t.lic Nlart, ia]l (Squakrr. ‘J’llcir
l)riliciJ)al orljital ]jcrt,url)atic)l]s  ;Irt I I I! ‘1 IIalllri [,f tll( hlortiall gravity field, l)ut( , r I I rlol,. s],ll, ricc
tllley arc a l s o  sigllifrcantly  afi{:ctf+i 1,! : ,Iar }Icrtllrl,alio]is,  l’larlfl:lry ~,(]t~lrt)atiol]s,  IImvcver,  are

, . , .
lic~, lgll)lc, and b e c a u s e  o f  t]l(  IT SIII:JI  11;1’.,, IIlci] II II I(Ual j)crtu]l):,tif,lih aIt. IIcgligihlc  as WC]].  ‘J’lIe

studlcs C)f tllmr Inotlons fro]]! olwr j;ll II)IIS1 t  IIC  f(]il[ld ,vidcl]rc (,[ a s:ct]lar ac.celcratioll irl l)llobos)
. .

orl)lt, a]l(l a  s]]nllar accelclatlcltl  III I  i lit). , ,r], i[, i+ :.(Igf)ChtI  {1 1)()! I[i[lcll ](, + ccrt aill, Sllar J)]css ]:+

dctcr]llirl(d sucl I a  large Val IIC fvI I’lI(}! [1 ii( ‘I lcr:i{io]l  that it irlll)li((l  arl ilrl])act wit]l  Mars  lvitllit]  a
few kvls (,f r[lilliom of years. CJr,( [ II, IJI::II( II for  tll,~ w}urcr  (, f  t1141t l:ir~,c ;Iccclcrati(,rl (atrilos])llcric
drag  orl lIOIIOW bodies) led to tll( sjI(i 1; ! I(lr llI:it lIIC \lar liar} Silt! Ilit(:s }vcrc ill fact artificial bodies
( s e e  lkf. ]4). ]’cr])a~,s  it is t],r,[r , ],; *,, liJtC  to cljsi,lr (,r)l,l{}il)p,  a][ilicial satel l i te  tl,cor-y  to

dcscril)c tllcir orbits.

Sillcc tllc s a t e l l i t e s ’  dis(()\(rj , III,I,L of arlalyl ical tltcori(h lI;Iv[ I)crrl dcvclol)ed  to rc[)rcsc~lt
t h e i r  o r b i t a l  ]llotio~ls.  ‘1’hcsr ( arl} 1 1[( I L v I( kitliti;~ti(al irf I,;tt ill,. d[si{,rlcd  ~)ri]rlarily  to ]~rovidc
])ositioris for  a.5tro]lo1nic.al  O]}$!liill  i{l]l Ill 1’)”,”2 a [I!ll:llllical  11, u,.; crc;it(d l)y Sillclair15  a],l)card.
‘1’llis work  was  illsl,ircd by tll a,l}f i I ; I(r Iitc  tlI(IIrj of IIrol)wcr  “ :111 II(IU{I,II Sirlclair’s variatiorl c)f
]mTal]lctcrs a~,l)roac},  ]Ilore  cI(v(I?  j,; 1 fr114~  }.c,yai’s a],],roarll:’~(’ ralll(] tlkall that o f  IIrouwcr w}lo
f a v o r e d  t,],c vo]] Zcil)cl  t,ccl, r,i, ]ll(,  ,Itl II( ,:11 ,; r]lit( tll(ory II:IL 111( l~:}r[ll)s (I)larlct)s) equator  as  i t s
rcfcrcllcc ]jlallc. IIowcvcr, IVIIIII  t  II \l I III ,]ua[(,r i IIS(L 1 for (III  Llartia]l sakllitcs, large ~,criodic
pcr(urbations clue ~,o t,lIc SOII a}],!  :Ii .11 l!!, f!tclilliiiiolls a r i d  rl(,dc:l, csi,ecially  f o r  lkilllos. Siilclair

foul[d  t h a t  b y  r,ioclifyir)g  tlIc tl)(,lj ,,rl” I(’ irirlp, tll( clcrllc]ll<  I{) tllc IJa]l]aciarl  ]]laum7’1],  tllosc
j)crturbat,ior]s could bc avoid(.i ‘1 t,(h 1( Ilitf  (,[l)its]r~((ss ;Ilrll(,:. 1 (Irlilorlllly  011 t,]Ic ],aj)laciarl  l)la]Ics
b e c a u s e  tllc latter arc dcfi]lcd  :.(1(11  I II t I, 1 I i(.)dl(  l)CI t url):atioris  {1111  to tlIC Mart,ia]l  oblatc]iess al]d
SulI j u s t  cancc] cach c)t,lIcI. )lIclLI’I(! HI 1)1( Il)cory js a S(:cul;lr :I((fl(r:lii(lll tcr]ll ir] tllc satcllit,es’

] Jet l’]ol,ulsioll l,a}, oratory/  (::tl  If, ,11,  I,, I, .( ,,1, ,,( ‘Jc( 1,, , ,ll.FY



lcrtlgitudc.s  k] aCCOllllt f’Or LIIC ]lCIS.ll Iillt tl il ( Iall[),t i] (,JIC;T ]Il(illl J]lc)tiorls. ‘1’llc  sIIIall olmrvcd

ac.cclcratlio]l  f o r  l’l Iohos  is  cl]r]~lil  1) ~1 I i! III I ,’ 1,0 !IIC ~,raJitati[lll;l ] a[tla(’~i[,ll  O f  tll(! tidal tlll]gC
raiw(l lIy it on Mars .  No statisi ictl II) i I I  L, I II accflfr;ilioll II:ls ?(1 I)((rl  olh(rvc(] f o r  l)citllos.

Wc  IIavc  ado]]tcd t,llc Sillrli,il  i)l( 1, } t I I ,ry ii. tlIc I,;isi:. f,r ~l; ,r(iarl satclliic c])llcrl]cridcs
l,cillg rlcvclo]>cd  i]] su])l)ort o f  ,) 1’)’s  !1 <I 1 > ll<)ratic,Il  l’rog[alll. I’11( llIffIJj’s accuracy is ]Ilorc
tlIa II sa[ficic]lt f o r  currc]ltly ]I](,jI::14 i *,,:1 ,( f ill ol)rIal I(IIIS tlc(xl,. itl(l],(w(r, i t s  fully arlalytica]
]Iatarc I)crtllits ~]]oclificatic)as  al, (l l)],tl,l .: ill 1 ~,lr( (,f fulllrc (Il)s(.lv;llioljs  ;III( I  iti)])rc)~c]llcll(,s  ill tlic
Martian gravi ty  frcld ~)ararrl(,t(~h. ]~,s I ill (II l!Ic  jttj i;, I vcrifi([lt i(,fl I If t Ii(wlj, wc co]ll])arcxl  our

1  it, /t<ili I atI<l fo~lrid, as (Ii(l  Nl(Ill(,y,itl]l)l<~lllclltiil)c)ll  to a 6(I d:iy II IJIIIIIII.;L al) tlccuracy l)cttcr t} Iir TI

1 0 0  ]Ilct)(:rs. WC tllcll Cxtclld((j  tlII  C(I]IIII  Ii 1:1 III 20 ycib f(,r l’l I(IIIrw  ;III(I IS()  ~!ilr%  for l)cirllos, ‘J’llc
forrllcr corlllmrisorl covcrcd  a  l]l,lc :1:11, ,~l,,[it  I .8 tirlic-.  tlIc  loII~,cht I,(ri(,d ill tfIc l’lIol)cx  t]lcory,
arid  tlIc laltcv c.ovcrcd  al)out 1  5 (1111( , 1, 1( )~,,cst ], r~(,d  ill 1)(1]11().  tll(oly. ‘J’lIcsc lorlg  p e r i o d
co]ll])ar]sorls suggcst,cd  t h a t  111( (Il(u)rl(  .  \i I( IIC,(I [[, c)rily 300 }ll~tlr~  ((II l’llc]t]os alId  9 0 0  Itlctcrs
for l)cir[los. Alt,lIouglI  t,llcsc ac(l]r i ,  .  ; r, [,,, t (} I;  III  azl(qII:Ilc  f(,] 0111 cllrl(lii j)url)osc,  wc rlla(lc
arl attmnj}t$  to  rcc .over  t,hc 100  r}lctt I :1( ~ I 1<,, ) II) ]I)()(lirylrlg lttc t)t+wrj,

‘1’llis })a])cr dcsc.ribcs  cmr (+. t( lit}, i ‘ r , l;; NIc)rlc,v I} Ic(IIy for ~11( TYlarliali satc]lik. 11 oatlirles
tllc origir]a] tllcory,  ])rcscrlts ttl( lrli,llfil  1 ill,: II(! a(l(iltli,rla] lCIIIH, :Lfl(i c+]ll~~]arcs tllc tllcory with
rlari]rr ical iritrgratio]l. Wc a l s o  \IriII,II~ I {,rlll,;:riso]l  I\ Il]I c,rlc of tll( (Itll(r ((jrlj])ctirlg;  dyIlar]]  ical
Martiar) satclliic t,llcorics,  ]Ia][l( ly t III 1 ,} 4 1’11( ‘,~l;SJ\lll ~ tlICtJIy’’:’L’.

Sinclair-Morley q’]J(’(II~r

‘I’l IC orl~its  of tllc satcllit+s ill! s] [ II 1 ilt tcrllls  o f  ttlcir  {M( Ill;ltillp, (ltrllcllts. origillzilly
Sirlclair  allcl Mor]cy u s e d  a  scl, (,! ((:11111 II1; I I I IIICIIIS  (I((illc(l  l)>:

G~ : (,
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‘J’IIc  or})it  o f  car+ sat(lli(( I. r It tII ~ ,1 t{, its l:ll)li!(_iilll ]11:111(, {II( ]Ilal Ic or) wllic]l tlte orl)ii
]Ilalw  pr<,ccsscs  al]llostl]llif(]lllll) ‘1} ,1,1,, ,  ofl)li+l, l~iT){,iT,(r ({}1,(  (\;) larp,~I,criodic  variatio]l  irlk)
satcl]itc’s illclillrrt  ion alld 11(1,1:11 11111 },,1 (I 1, (II, tc) Nlal>.’ olllili.(ll(.:.s.  \\}lict[ jl]st Call C(ls aIl ?lll~l OgOUS

variatic~rl  duc t o  tlic Surl,  ‘1’llt l:i])l:; I;iIt 1] :iIIcs sllir( a  CO[IIIII(II(  II<)(I(  with tllc hlars e q u a t o r  arid

hlars orl,ital J)larlc  arid  ]~It(I,+.  ::11:1 \ 1(! I II( (.(lllill[)r  1] 11(1(]  t  11( ;Ictiotl  (If tllC SUI(. II CIICC,  tile
tllcory i s  actual]y (Icvdc)])vd ill (t r(,[ ,lIII!I,  I :Irdf]l:t{  sys[rrli, ‘1’111 {T,colllc(ry  of ttlc various lJlarles
i s  SIIOWII  ill l~jgllrc  1 .  ‘1’IIc ti(l(lili(,l;  l ,: II L,I[ ;olIJx,:IIIII!I,  irl 111:1(  li~,lll!  :11(,: i’, 0’, tllc it]clitlatioll  aIId
r)odc  of  (lIc  M a r s  orbit w i t h  r( .i~II 1 1{ I)!( ccli]jli[  ; i, tllc illclill:l(i~)ll  of tlic h~ars  e q u a t o r  to tllc
lal,lacia]l I)larlc;  1’, t h e  il~clll,:~ti,t,  ill tl \“ ,{s Oll>it, 10 t})[. ],:]l)l:l(i;jrl  J)lal)t:  Q, t,}]c obliquity of  t}lc
N’lars equator; 1’ tllc ascclldi,,{,  l,f,i ,( I hr \lars r(~r](,tor 011 tll( Mafs []ri~ital j)lrrllc; ~) tllc locatiml
o f  t,hc M a r s  ])rirllc  rlleridia]] )11(  :1.i,I~ ~ ‘rot) (tic  :IC.,  (ll,lirlp,  r![)d( (, I III( hlars e q u a t o r  011 tl~c M a r s
orl)itl.  ‘1’lIc l a t t e r  t w o  artg]cs  ~irc il’.lli  II ,, I(I  t,ry Iitlc[llly  w i t h  till,( (1’ : 1’[)-1 1“’t arlcl @ = ~0-1 ~1)
clu(’ to i}Ic l)reccssioll o f  tll( ( {!tIIIII[ .tI1 I:i(ioll of l}IC ]Jla[lct. ‘1 II( illclil,:ltiolls  to tllc l,a])]aciarl
~,lanc  are rclakcl by Q = 1’-1 i .

‘J’l Ic tllcory is csscrjtiall~’  :~rl III 11, III I i’ariiiti(~il  c~f ])ara]ll(!(r~ s<)lllti(,rl f o r  t h e  cquatiorls o f
lllotion irl tcrrns oftJIc clawi(:ll  (lf IIIf r ~. ~W ( I:(f. J;] v, i] II I)crtllrl,:lt  i<)),s duc  to the as])llcricit, y of tile
MarLiarl  p,ravity  field, the SIII’S  I;I  I,  it ~ :.~I(!  { ~ic I)rc(c.,.,iorl  of t,]], \l;irs (,(]1] ator. l’crt, ur})atiorls  fro]tl
tllc c)tlhcr ])lartcts arlcl fror[l  illlclw I,, ,S 1,[ ,,ct( (tc satclllt<~ ::r< li<~,lip,il,lc. ‘J’hc  cx})rcssiorls  for
tllc classical  clc]i)crlt variation,  s art (III 111111( ( 10 ol,t:iif(  thmf for  tll(  r([ltl[)octial clcr[lcrlts. Sillclairr5
arid  Morl(:y12 I)rcwidc  t,]lc dctiiil~. (,f 11 {{ ,( ‘ J,]t)c])

‘1’lIc  kc orl)it,s  o r  xcr~ (,I(liI  sclll(i.11 : f t}lr tq~latiorls iilclu(lt ot,ly  tl{c effects of the scc,ular
])ertrlrl)atio]ls. Cor]scqucntly,  tlIIi. ( It IHI(IIIS  i;fc (oll<fitlt  alI(l  t11t4( varj ;vjtlt  t,irllc, /,:

cl= [10

wl~cre  arl dcrl]c]lt with 7,crc> sLI\)\,I I il, ( i., IIL }IC C) IC)CII value (i. (. ,  i~t I :  ( 1 ) .  ‘J’lic ]I]ca]l lorlgitude
Cxjlressio]l  ir]cludcx  a  qu.adrali( (~. t  III ‘, (i il’~ ,1111~ for (}IC Ol)sflricii  S(CIII; IT accc]cratjorl  o f  l’)loho$
currc]ltly att,ril)ukcl to tidal fort (. ‘ 1  II 1:,1111 t.cl TI’ i: tllc ]li(:tli  IIl(,t i(>]! of hlars arid  tile ])ara]ilctcr
?~o ]s t,l]e satcllltc’s KcJ)l.er]a~l l]l(;:ii  J (I[ I,:~JI },, ~ICII  js r(: C,,,( (1“ 1-. ( ~ 1 to tllc set],i.rllajor axis through the
gr:ivitatiolla] ])ararrlctcr of Ala]>. It

?1;[/; =- /4
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‘J)lIC i]]clillation  of tllc l,<i})lil(  I,;!, iill< ,( I tt)(. hli,r[i~]l  c(lll;ItI[ i~ (ol[l~)(ltc.d  t)y sct,ti]lg  ttlc

]argcst f i rs t  order ~lcriodic  ~wr(rll I!a( i,rl i 11 f :  II(lli(,(  III,  Ii]latlo]l  to 7(r(~. ‘J’llis ])rocess  ]cads to tlIc

relation

Asi]l 2i = .Bsi]l 2(Q - i)

Si]lclair]:’ gives cxl)ressiolls f[)r ./!, aliti 1~, [) JI ~ .,(llsil]l (I f tlIc I.w cxj)]t+iotis  is

where

])(j : Cro (1 - c;)

J2, J4 z scc.olld and fol]r(ll  YIJII;+ I  1,: rt ,]i .  o f  tll(  Illartiali ~,fa\ily fi(ld
1( = equatorial radius (f 11:1~,-
/1’ = gravitatiol]al l)a IaIII,~(I  :.l{ III S(  I

a’ sc]l]i-]llajor  a x i s  0{ 11)( \i; II 1111111
c’ -. ccccntlricity oftllc Nlitl} (Ill il
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a

SiIlc]  air dcsig Jlc!d his oli~,i]ial  I II (I[ \ t, ;ICC.01111(.  {or <ill ]~ck(url\>Lti(lrls lvi~h c[l”ccts larger tllall 1
]~[irt ill ]04  o r  al)out  ] krn for I’]1(,111  IL. II 1 2 I kln ff,l 1 hill~{,s.  II IS lal(r w o r k  souglIL tc) }Iavc Sul)-krll
accuracy,  and W} ICII hc coIII])iII( . 1 il VI( II ;, ‘()()() d:iy ]Il]]llctica I i]:l({jral  io]l,  IIC fc)urld agrccrllc]lt t o

al)out 320 j~lctcrs  for l’hotjc)s  a III.1 N?I) II lf I \’or 1)(1111 (M. hlc~ll(y’s  (xkllsi(,ft attclrl],tcd to  brill,g; ill
a l l  (Icrl[ls with )Ilagrlitudcs  ~,i(i)t{r  tlI;II ‘, J -

I I t {crs for 111, ]ICJ satc]]it (., IIis mJllI)arisorl with a 60 day

]Iull]crical i n t e g r a t i o n  slLowcxl  aII Z( : (i, .( 1 (, otlcmt 1(1(1 )t)ctc]~,  lICIWt YCI, II( acklIowlcdgcd  tliat t,l]is
. ,

co]ll]mr]so~l  llltcrval w a s  toe) S)ICM( lo I. ) i ,; I  hi Cll({ts  o f  tllc lolIg  l,cfio[l tcrllis.

1“01 l’ltobos t h e  loIIp,csl })(I L[,[i ;I I i(lrl:~tjo]ls,  v.llicli arc dII( to tllc  SU II, have a ])cric)d oftl Ic

order  ofqf)~()  days (1] years), aJI(i 11)1 I) L, III: I IIIC  (I(,[]lllla)lt ~J(lt\)rl,;ltioll  is a cc)rnhirlccl JZ arlcl solar



e f f e c t  with a ~mriod o f  abol)(  I !I1$JYII  (1< \: (!I  .’I yca I:. ).  III or,lt,r  t(, r~:i]l,ili{ tlIc  tfl(wry a c c u r a c y

w i t h  resl)cct  to t,hcsc  lol Ig Iwri(}(i  [( 1111~ y,{ II :1 IC ;I cj]tl~,ari+orl  vill I itlt(p,ratiorls  of 7 3 0 0  d a y s  ( 2 0

y e a r s )  f o r  1’1101)0s arid  29,220  (Iajs (8’1 ,( ir>~ II, J l)<itll,w, IIli[iall) w{ fit lflr illtcgratcd ort~its  to
t h e  tficories, thus ~JroviclinF;  illt( ~,r<i(, 1 (I IIIIL I !\ili~ (,:clilatill~, cl(JII; ]Its r( I)r(wlltativc  of tllc  actuzil
satc]lit,c orl)i  (s. ‘1’he lllt,cgrati(il{+  M(r, 1, 11!11}  i hy a fllll 8 Ily 4 N’lilltl;lll  g r a v i t y  fiCl(l (8 zollal a n d
4  t,csscral” IIarl[lollics), hy Jur,it{l, ;I~,H 1~ II,( ~ it). Nx[, Ivilll (11( illt(gl:ltcd orl]its llcld  fixed,  we

1“a(Jllskd t}l C C])OCh  C] Clll CIlt S of t}l,’ i}l~’, if ~~ II Ilrlr)lo}c  IIIc. Iila(ctl t~((wutl  itltc~ralio]l alI(l tflcory.

]“igurcs 2 - 7  SIIOW  tl,c diffcrc),cc~  ill II,( II:; I A l,tr:lk, I;,dial, aII(i (111( of” [lIc orl)it ])la[Ic dircctiolis.

F o r  lNtlI sakllitcs the ]Ilaxi]lllll,,(,f]()[ III tlII  (1 }~l]t,racl:  (Iiwctioll is (f tlIt,  (,rdcr o f  300  lnctcrs, radial
errors arc ill (If]c 100 to 200 rlit  ((.F r iill~  i i: IL 1}11.  I)IIOIJ{I.. OU1 c)f ])1:111(  (rl(lr, ljut t h e  ])cirllos out, o f
]~la]lc error is ~tcarly  1 krl].

A s  i( statlds the lorlg  ]w]i,t <,, lil ,, i!. I:l,ro>ill);;(cly  (}1:11 ()( Sitlcltlir’s  fitlal  (Icsigr[. ‘1’0 rcacll

M o r l e y ) s  dmircc]  a c c u r a c y  p,oal 1}), }’)M ,, it ,ry r((lllll(s  rl(>illl~ I factor  of 3 irtl])rove)l)cllt  arid
!flal c,f l)cil]]os r e q u i r e s  ]Icarly  III  II, ](I of 1111 ,Jlitu,lr itrl]lr(,v(lll(lt.

lGxtlf2ndd Thmn’y

t h e  a d d e d  t h i r d  o r d e r  tcrllls ilr( l:irp,[  i III  II [III

‘1’iilll(!  1
1 ’ 1 1 0 } 1 0 S  Sl+;~U1,A1{,  I’I’ft’I’L’I;  Ii/. [ !{ )>

Source Meal]  long,itudc )’( 111( 1( !

J2 0.86’/9784316 ().4 :{:{:1’1  !’/ 1,,!),
J4 0.001 120222-/ (), ();1;  1:11(  1’; (1’

J; 0.0008351762 O,(l(]il  r)! [[,  ;’~~

S(1II -0.0001796583 (), (1[)[  11: 1( ’”1?1

JG -0.0000534092 -of~f)!~:l:  ))1:1~
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. .
rq)lacrxl the  or]gll la] lorlg  ]Jc]J():i 111(:+,, I( :Ij IIIt if ])cllurl,;,  t,iorl ciIi(  to .1:, aricl tlIc  SurI wit]i  a  IIlorc
C.ollll>lctc  cxl)rcssioll, l“illally to )rlt])r[l~,’( :11~ 1)[ 11’los(lllt  [If plaflc, JV( irl(lu(lc(l so]IIc ]Icglect,cd Iorlg
]mriml  sc)lzir])crt~]rbatio])  tcrll)s  WI I) III l i t .  I  ~ II{ I cjf IIJ1 111  ’200 ~l]et(,rh, ilitlt)duccd  a rllorc  cornl]lctc
cxl)rcssloll f o r  tllc ]japlacian ]Ilallr l[ICIIII:I  lb:,,  i- 11[  ad(l(cf  o 100r,jct(l s,rt,rltl c,lclcrterl[ltot)c)t}l t}lc
iilclitlatrcnl  aIICl IIocfc. “1’lIc IIf W I h]II(  ,.. I( 1: ;III i I(l(li(io]l;ll t(r[rl< ;,r( p,iv(ll ill tllc A])])cllclix.  q’hc
l,a~)lacia)l  ])l:ll~c  illclill{ltic~ll  cx])r,  :si(, t, ;LIIIIIIII(~ III a,) (a Tlier scc[i(,  rl.
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‘lb t e s t  t,lIe cxtc]ldcd  1}101), \ , ftr I to tlI( srIII(, illlc~,(atiolj a~ tllc origi  I]al. ]Jigurcs  8 - 1 3
. .

I lilciialj  fill] ou(  (Jf’tlL( (Ifl,it })lallc dircctiorls.  ]Tor l)lIO]JOSslIow 1,1 Ic dlflcrcrlc.t:s  lrl t,l I(: l(ILal (I II\ I II I :iI ,

there i s  collsidcral)lc  irnl)rov(  1111111 \Li II (Ill Il,:ixilriltlll  crl,~l lt, 11,,  (I(,w)ltrack  dircc.tioll  c~f tllc c~rdcr
o f  150 r[lctcrs and LIIC r a d i a l  :Ir[(i tlIII  ()’ I)lill{  crrc)]s Itss tllail  1(1[1 rllct(rs. ()]] tllc ottlcr harld, f o r
lki~,lc,s  tllc o u t  of l)lar,c  crlo] is I( it c I  t< : t)oll(  >(1(1 rl[clcr>  1)11( tllc (Io!vlit,rack  nrId raclial errors

rcrllairl cxsclltially  uncliarlgri

]Iccausc ofthc illipcjlta~lct(l I II  s I Ir ~)cllllrliltioll:; it I 1111. l(I]Ip,  tell II Ilicrtiorl Oftll C satellites,

WC al]gul[lcmtcd t,hc cxkIIdc{l  t)I(,Ily }! I I I  ,lul~jilic<t I colrccti(,rls [(, (1,( j,cricc~)tcr  a~lc] r,odc r a t e s .
‘J’lICSC corrcct,io~ls  arc dcsip;tlc:d t{ a :, t ,11 i { ll]a(cllr~)(ics  ill (11( aljolytiral <,xj)rcssic)lls for tltc rates,
and t,hcir va]ucs will  l)c ul(i]ilal,flj  II I .Ii] ,,,tc(j fro]lj cr~s[,rl,ali(,]l.,, A s  l)art  of our  tcstirlg  of tile
tllcory,  ~vc dccidccl t o  irlc.lu(lr  {11(.( {II  ~,.t  I  (,IIS  ill allot]lcr  fi(,  [[) t]ll  i[lt,c~,]atiorl.  ]11 additiorl, w,c

illc]udccl  all acljust,mcllt tc) tli(  :il,~,i{ (/ tll [Il)liqolt) o f  t}lc n!zlr>  C~IIIf(k)I, tc) allow fcm a ~)ossil)lc
lllis~[~atcll  het,wccn  t h e  t,hcol)’ a!lti ill~ PI :I[i ~1 “]’aljlc ;{ ])lovid~,+ III(  valttcs <)f tllc rate a r i d  e q u a t o r
corrcctiolls. l“i.gurws 1 4 - 1 9  (ii>],]::) I  ,  T,;. Its of 111( cx(,rcisc, NC)t(, tlI:it  LIIC  1’lIoI)cM  do~v~ltracli
e r r o r  ha+ clr-op])cd krclow t}l( 10) ],IC I I ~~~  1  sLlp,~,(+,liilg that fur(ll(r rcfirl(r[lcrlt o f  t h e  arla]ytica]

‘i
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‘1’llc l)cil[los dowlitrack c1 I( I I  II II], F ,, I  III) sliy,litl}

W C  I)(licvc t,llat the 4) C(III((  li(III . II()[ ialid, i.c LIIC l(]cali,)ll  (,f  ttlc h~firs  cqllator  ill LIIc

tlicory is  correct ,  and that the II IiIIII  ]lll.lll  III I! II Iillirlp, WI III (Ilr ttl(o]y is ;Itl illadcquat,c  dcscri])tioll
of  tlic l)cll]i(m  out of J]lanc  rlloti[~ll.  .~~,  I ,,1 , SL I,)  , . la te  IIa+ l(Iu IId II,itllt J (rrorb itl tllc ili)j)lcrtlcrlt:itiorl

lIor o]]]itltcd hut significar)t firsl ord( I  1( II !, ‘kIIy ilrl],rt~vcr[i(rll W(IIII(l a])l)car  tllcrl t o  r e q u i r e  tflc

(Icvclo])l]lcnt o f  additiorlal sccorl(l  (,r(”lt  I Ir III. \“,’I alst,col,j~~ll)rc  t]Ia(  rli(lctl  c, ftlte rerrl:tjlljrlg])cjll)c)s

dowl)track error is a byproduct of  t} II’  tIII(  t)I  III:  II crl(~r ‘1 tlc d(l~l’lltlii~’k  ]ll(,ti(~rl is dol[lillatccl  by tllc

loIIg  ~miod III Can lo~lgitu(lc  J7 S(II;IT III 111:1111  I( II w]licl is :1 s(ro), p, f[ll,{tioll  o f  tllc irlclillation, rlodej
and IIoclc rak. Arly irlacc.uracic~  irl t II( L ,111:-, I lIIOSC I]:tarr)cl{r>  :1~ ;I rtslllt of tllc incornl)lctc  out,
of ])lallc  ~notic~ll  dcsc.ri]~timl  woldIl  1111~  1 \ Jlf I  l]IC ~l{)~il!t,rack {rl<~l

‘Iatll :’

SI;(; UI,  AI{ l’l}lL’J’(JllllArl’l<)N  AX I} I t,rl’ ‘I’ I I )Ii, (ol{}il;  (: 1’10NS

l’arall]ctcr l’alll( 11 [,,  .

-.

1’1101)0s ])criccrlt,cr  ra te O,(I(I()()(I:JI! !’: (1!! ~’ia.y
l’hobos l)odc rate O.()[l(l()(l>’Iii  Ilf II(L ‘,lii~
l)cilllos pcricclltcr r a t e  -000[102’i  X(I’,’I Ci<L  ‘,.  iacy

lkill)os  IIodc r a t e 0.0(100(1(11 (1 I : li(~  ‘.lil~
Mars ol)liquitly (). ()(l()(iY(,li!l:?;  ‘(1 (,,

‘lo su[)l]ort,  proccssi~lg  o f  s:illl 1111 ()[;: II C) III  tt)r  Soviet 1’110110S” Illissior] to Nlars iri early
1989,  ~lla}jorllt-rl’ouz,64  dcvclo],.  d (},1 I ‘;!, I ’ l l  ) sell, i al,:tlytical  tll[(,ry for tl, ( Illotiorl  o f  l’lIobos.
‘J’llis t h e o r y  w a s  l a t e r  ilnprcn(.d:  aII(l  (II,  II F ~.1 I Icd trI 1 ){iri)c,s  (l SAI)J)  (’. ‘1’tlc p;oal  f o r  !Ilc irltcr-

rlal ])rccisio]l  of tllcory  w a s  a fc~i r,~( 1, r, !)I(I ?(I y(ar  I,criod,  })lit f(,r [)rac(ical  lilattcrs  tllc forl[l

irl gcllcral  rclca..c wafs trurlc:it(xi  al III ‘,[) 1 1 1 1  VI ]c\c].  ]lC(il(lS{  of i t s  wrl)i-allalytica] rlaturc, tllC

lIISAI’ll  o/lI;SAl)}I;  t h e o r y  i s  II()( SLIII;IIII( [I I CIL IICC(IS (i (,, tllc Ill(t,:)’s rlllrllcric.al  cocllicicrlts  lICU1
to Lc rc.gcr,cratcd whml  cha~lg,(:. :rt II I;II  I ‘1 J,arillrlctcrs).  llo\vcvcr,  a s  i t:11 (h+  orl]lt.il or  JyII; iIIIIC<t

]jrovides all altcrllatc rcl]rcsclltal 1o11  0/ I I( .;I[ Iiitc (Ill)ils, M{.  t~st(cl  II,(* (x(crldcd Sir lc . la ir-Morley
tllcory I)y fittirlg it to lI;SA1’1lo/1  S}, III 11~1 ;I iof J y(;t~ i[!(c]vt il. \\’c  Mtr~ (arcf(ll to rtlatc]l tl)c h4ar-
tiarl gravity fields and equator o? i(t,l :*I II)  ; i. c .I:ly aC },(,ssil,lc  irl l~tltt} rtlod(ls (l;SA1’110/l}SAl)l;
c~rlr)]o,ys a rl]rltll  order field arid :i{c( ILlllj + !, )! tll  [Il]t,:ili(,]l  (,ftll{  kli+r~iiili e(ll]at,c,r). AlSO w c  irlcludcd
ttlc s e c u l a r  acccleratiorls as  tllo ar( if, t JI I,( Ii till l~S~il’}iO/l$;Ill~l”  tllcx)ry. W e  d i d ,  llowcvcr,
sul)])rcss tllc ~)crturbat,roll  d~lc ( , ]’],, ,1,,,  , ‘., lIj,,I(  ill lSA1’llor”  l,c(iiIIs, i[ i s  ]fot currcrltly illcludcd

irl tl)c cxte]ldcd Sir)clair-Morl(y (ttr(  III }; II It II I o f  t}lls J,crtllrl,a(i(,ll  i s  quitr urlccrtairl  but c.oulcl

aplmmc.li  several llu~ldrcd  rllct(r,<).

11’igures  20-25 ~)rovidc  t,ltc r{,s~llt~ ( (,ilr j I l’c)t }’llf)t)os Itll-r( i> i!f,l((rtlcllt irl tllc rarlge C)f 2 0 0
r[lct,crs. ‘J’l[c long })criod  cliflcr~llm ill 11( ,irf~’ Ilra(k i s  {iuc to tlI( illtcra{t.i[.)rl with l)cilllos w]lich
Sirlclair-Mor]cy i g n o r e s .  WC att  [il,lit, t] ~ j II I  irlk:l  IIr( ,Iiatc Jlf:ri,.,cl (Ii(l’crcrlccs t o  tllc J)rcscncc  irl
lIXA1’110  of addi t ional  igllorcd ~,(l(l,tl,a It,I1. ~ ~,., tll( lli~;lj(r c,r(l(l \l{,rs glality  field llarrrlonics).

l’or  l)ci]llos tllc diflcrc]lccs a])])r,m{ll I  ) 1:1  ii(! ]Itrack  ali(l  4 kIII CIII1 {,{ ])]il[l(.  AJ)])arcrlt]y  t}IC al[]-
})ljtudc  of t]lc ]OIIg J)criod  ]orlgilll(~(  ], I I)llitl 1:111  di(i(ls. I)ctlvccri  tl, t Lw(, tli((,rics,  arid sigrlificarlt

8



Conclusions

IT) this lJa]Jcr  w c  dcsc]il,[<i  :~!i >I;,! I Sill<lail-?llorl(y  ali:tlylitfil  (I,cory wllicll  w i l l  bc tlic
ltlodc] for hJarliarl sat,ellitc(])}lrlll(  1111 . . III i( It,l)(xi aI ,11’1,. W(ollt!ill[,[]  tl)(otigi~laltl  lcory,  I)rcsclltcd
our  rnodificatio~)s  a n d  addit,  i III;]  ((II ,:, :111 ,olll]jar~,!  tl]{, tll(orj It,itl) lmll I Ilurllcrical irltcgratiol)
and tllc l(; SAI’1lO/lI;SA1)l I; tllc:j~,  (II I !,:Il )IIlt.’I(J,IY~’ l(,r l’IIc)l I(Ih i t  a],l)cars  tlIa L tlIc Illodcllillg

accuracy a])proaches  200  lt](l(r:, [t, { 1111111( :ddi[ii, rl (,f I)crio(]ic  ])frlllrl)a(iorls d u e  t o  l)ciroos a]ld
l’}iol)c)s’ fi~urc w i l l  irllJ)r<,vc Ii,:, t ,;(I I,lj l’(,r  I)(iftltw  tlIr IIi(,dt,llillp,  a c c u r a c y  i s  a I)it uIlccrtairl
but  i s  I)rol)ab]y at t}IC ]  k],, lmd NI) irllrc)vctll(fl[ w i l l  lli+\’(’  tr, (c)lt(clltf:ltc  011 a hctter cllarac-
t,crizatioll  o f  ttlc lcmg ], CIIO(I s{,];]! l,, [I, rl,< ti(,]l a s  it all((ls  l)cIIII(h’ II Iea II lotlgitudcj  illclillatiol),
aILd ascending node. l]) arly ( i(][t, tll (wrft  II irlll~lrll (,~ll; lliorl(jfl}lf. t], cory  isxrlorr tharl a d e q u a t e
f o r  tllc developcr[lent, ofe[)ll<ll,{rltll .;1 1( II :111  r,l~lc..,]ll,  tllc lrt)(  s:ilcllih ork)ils  with a c c u r a c i e s  o f
OIIly  a  few t,cIIs o f  kro becallw  (II II I,:. ( : i,jli,  ,1 lijllila[lolls,.

INomcllc]at,urc

1’ = the ~ncan  a]lornalj’  of blat:

{/’ = t,hc argu~nc]lt  of ])11 i,t[,:)..  ,, j’ III  \l:ir(!ilIl  (Irl)it Il](:)slll{(l  fr(llr) (11( illtcrsrct,iol] o f  tllc
hlartia~lo rbital}, l,itlf;,t,i! ‘\l,,,li ,lQq,,:,lO[

Secular l>crturbatio]ls
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